The integration of preoperative planning data in liver surgery is still complicated by intraoperative tissue deformation through decrease of intraabdominal pressure, changes in blood pressure and surgical mobilization of the liver. Furthermore detection of lesions by intraoperative sonography in cirrotic liver tissue or after effective neoadjuvant chemotherapy can be difficult and impede tissue sparing surgery. The integration of computer navigated tool guidance improves surgical orientation. We report our experience in non-rigid navigated oncologic hepatic surgery in 10 patients. Methods Between April 2009 and August 2009 ten patients with primary or secondary liver cancer were scheduled for computer assisted liver surgery; eight patients with colorectal liver metastasis and two with primary liver cancer in liver cirrhosis. For intraoperative tool guidance and navigation in parenchyma dissection or tumour ablation an optical tracking system with navigated ultrasound was developed. The navigation system consists of an interface to preoperative planning (MeVis Distant Services), an integrated ultrasound transducer (Terasion 8IOA) and an infrared-based optical tracking system (NDI Vicra/Atracsys InfiniTrack). For 3D recognition of the position of the surgical instruments and ultrasound in the patient space, surgical instruments and ultrasound were equipped with retroflective spheres. After surgical exposure of the liver, four landmarks were defined on the displayed preoperative planning data and the corresponding landmarks were registered with the tracked and calibrated instruments on the liver surface, allowing the fusion of the preoperative data with the intraoperativ situs. The localisation of the landmarks was chosen individually based on patients liver anatomy. Ultrasound data were aquired with a tracked probe for additional vessel and tumor identification and the aquisition of deformation data and up date of the preoperative planning data based on the centerlines of the segmented vessels.
Purpose
The integration of preoperative planning data in liver surgery is still complicated by intraoperative tissue deformation through decrease of intraabdominal pressure, changes in blood pressure and surgical mobilization of the liver. Furthermore detection of lesions by intraoperative sonography in cirrotic liver tissue or after effective neoadjuvant chemotherapy can be difficult and impede tissue sparing surgery. The integration of computer navigated tool guidance improves surgical orientation. We report our experience in non-rigid navigated oncologic hepatic surgery in 10 patients. Methods Between April 2009 and August 2009 ten patients with primary or secondary liver cancer were scheduled for computer assisted liver surgery; eight patients with colorectal liver metastasis and two with primary liver cancer in liver cirrhosis. For intraoperative tool guidance and navigation in parenchyma dissection or tumour ablation an optical tracking system with navigated ultrasound was developed. The navigation system consists of an interface to preoperative planning (MeVis Distant Services), an integrated ultrasound transducer (Terasion 8IOA) and an infrared-based optical tracking system (NDI Vicra/Atracsys InfiniTrack). For 3D recognition of the position of the surgical instruments and ultrasound in the patient space, surgical instruments and ultrasound were equipped with retroflective spheres. After surgical exposure of the liver, four landmarks were defined on the displayed preoperative planning data and the corresponding landmarks were registered with the tracked and calibrated instruments on the liver surface, allowing the fusion of the preoperative data with the intraoperativ situs. The localisation of the landmarks was chosen individually based on patients liver anatomy. Ultrasound data were aquired with a tracked probe for additional vessel and tumor identification and the aquisition of deformation data and up date of the preoperative planning data based on the centerlines of the segmented vessels.
Subsequent oncological liver resection was accomplished with navigated tool guidance.
Postoperative data was analysed for assessment of feasibility in the surgical work flow and simplification of surgical procedures. Results Navigated liver surgery/ablation was successful in 8 of 10 patients. In one case the navigation was without success as the preoperative data was not congruent with the intraoperative situs due to rapid tumor progression. In the second case navigation was not possible because of technical set up problems. One patient with primary liver cancer and severe cirrhosis did receive navigated ablation of 6 lesions without surgical resection due to disseminated tumor spread. Yet another patient had navigated tumor resection and ablation. Preoperative planning was realised in all patients. Median operation time was 290min (range 150-360), prolonged by a median set up time for the system of 15 min (range 5-25 min) with an obvious learning curve. The developed algorithm allowed intraoperative real time tool navigation. Median error of projection of preoperative data in the operative situs was 5.55mm (range 5-9.9mm). R0 resection was achieved in 6 out of 8 patients. In the two patients with R1 resection more extensive surgery was not possible because of a small for size liver remant.
In one patient intraoperative detection of lesions by ultrasound was impossible after neoadjuvant therapy with complete tumor response but the projection of the preoperative tomography-based planning data on the operative situs allowed localisation of the former tumour position and a complete tumor resection. In the two cases with primary liver cancer and cirrotic liver parenchyma intraoperative sonography was complicated by the fibrotic liver tissue leading to alterations in the sonography signalling and difficulty in the localisation of the tumour lesion. However, recognition of leading vessel structures in the liver parenchyma was possible and navigation was feasible, tissue sparing resection and tumor localization was successful even in the case of difficulties in tumour verification.
Conclusion
The integration of computer navigated tool guidance improves spatial orientation of the surgeon and the availability of preoperative 3D planning data that can be rotated and zoomed in every dimension on a sterile touch screen by the surgeon aids visualization of critical structures, see Fig. 1 . The set up of the system and the fusion of preoperative data with the intraoperative situs is smoothly integrable in the surgical workflow and not very time consuming. Accuracy of Fig. 1 Sterile touch screen by the surgeon aids visualization of critical structures 5-10mm was achieved through repetitive landmark acquisition. The accuracy was preciser when the landmark distance was short.
Parenchyma preserving oncological resection and ablation for primary or secondary liver tumor is facilitated by computer assisted surgery. In addition, navigated hepatic surgery has the potential to expand the surgical spectrum of resectability on currently non resectable patients. Our further investigations will concentrate on intraoperative volumetry of liver segments and tumor ablation of small intraparenchymal lesions, difficult to localize by palpation and for ultrasound. Nowadays, several image processing tools and algorithms, from manual to automatic, are available for the practitioners to deal with those tasks. In clinical practice, manual segmentation by radiology experts is difficult, highly time-consuming and subjective. With the huge increase of imaging studies to be treated, automatic methods are a necessary choice. However, the tradeoff between automation and the accuracy of such methods is a critical issue.
Automatic
In this field, Inferior Vena Cava (IVC) segmentation plays a crucial role in each of the aforementioned tasks, in particular when unsupervised segmentation methods are applied (see Fig. 1 ). First, the accuracy of liver volumetry is critical for liver donor transplantation, and considering the IVC as part of the liver significantly overestimates the volume of its parenchyma. Second, automatic hepatic vessel segmentation methods are frequently mixed up by the IVC which can easily be considered as part of the hepatic veins, hence needing manual correction. Finally, the IVC is an essential landmark for the definition of liver segments, following a Couinaud anatomical model.
Few attempts to automatically segment the IVC, differentiating it from then venous system inside the liver, have been carried out. Automatic IVC segmentation remains difficult given the anatomical inter-patient variability, the lack of well-defined boundaries with the liver parenchyma, the presence of nearby lesions and the effect of non-uniform HU values due to contrast injection. Consequently, existing approaches weakly perform under these adverse scenarios, and the problem remains unresolved up to now. To cope with the aforementioned difficulties, our contribution is twofold: (1) a model of the IVC as an implicit representation of a generalized cylinder and (2) a local region-based optimization criterion under dedicated anatomical constraints deduced from other anatomical structures to provide clinical practitioners with a fully automatic tool. Methods We consider automatic IVC segmentation as a two-phase separation problem of the foreground (IVC lumen) and background (neighboring structures, e.g. liver, kidneys, lungs, heart), where we model the foreground region as an implicit tubular model. Thus, the IVC is modeled by an open parameterized medial curve and the corresponding point-wise radii. We defined an implicit analytical representation of such generalized cylinder by integrating a smooth radial function centered at each point of the curve with continuouslyvarying scales. To perform the segmentation, an objective criterion is minimized. It is defined as the sum of a regularization term and two image-based homogeneity measures obtained from the IVC lumen and its background respectively. The regularization term is designed to match the IVC anatomy by penalizing both the length of the centerline and the variations of scales along it. The foreground homogeneity measure is designed to capture local variations along the IVC lumen mainly due to non-uniform contrast injection enhancement, while the background homogeneity measure captures the highly space-varying statistics of the surrounding tissues.
For a fully automatic and robust segmentation, special attention is paid to find an enclosing region of interest as well as to initialize our generalized cylinder model. Thus, we incorporate dedicated anatomical constraints from the knowledge of neighboring structures like the heart, liver, spine and aorta. Using Dijkstra's algorithm, our model is initially positioned by computing a minimal path that follows image information between two automatically located points. The first one is found inside the heart. The second one is obtained as the best response to a 2D circle detection filter applied on the last axial slice that intersects the liver in the neighborhood of the aorta. The initial diameters are set to an anatomical average of 25 mm. Results The automatic IVC segmentation method has been evaluated in a database of 20 3D portal venous phase contrast-enhanced CT images from different manufacturers, pixel size ranging from 0.68 to 0.78 mm and inter-slice distance of 2 mm. The results were evaluated by an expert radiologist. 16 cases were rated as satisfactory, 3 cases needed a minimal one-click user interaction in the initialization step (on the lower portion of the IVC) before being rated as satisfactory. One single case failed, due to hardly visible boundaries along the whole IVC path, unusual patient anatomy and poor image quality. Therefore, we reach a segmentation success rate of 80 % in a fully automatic mode and up to 95 % in the interactive mode (Fig. 2) .
Conclusions
The results of our model-based variational IVC segmentation method with local region homogeneity criterion and dedicated anatomical constraints have already proven to be a useful clinical tool. The implicit vessel model has the capability to follow image evidence and extrapolate the surface where information is missing. IVC segmentation highly improves the automatic liver volumetry estimation (up to 5%). It also avoids classification and segmentation errors of the hepatic and portal vascular trees in unsupervised vessel segmentation Purpose Recent planning software for liver surgery provides valuable tools to evaluate different resection strategies. Although most processing steps of the data analysis are already automated, the actual resection planning is still done completely manually, in that the user defines the orientation and shape of the resection surface by drawing and dragging. However, such interaction is prone to error and consumes time in the clinical routine. The resulting resection surface is not standardized and may vary depending on the experience and endurance of the user. Furthermore, additional tumors that were not detected in the preoperative image data are quite often found during the intervention using intraoperative ultrasound. Due to such findings, preoperatively prepared resection plans have to be updated or completely revised during the intervention. Thus, an automated generation of resection plans would be of great benefit. Methods In this work, we present a new method for the automatic generation of resection surfaces. Our method computes an initial deformable mesh that needs only slight modifications by a user to achieve the final resection surface. A prior analysis of CT or MR images which provides segmentation masks of tumors, hepatic vessels, and the liver surface builds the basis. Our approach considers common surgical resection techniques, i.e., anatomic and non-anatomic resection surfaces. For anatomical resections (e.g. hemi hepatectomy), the boundaries of the portal venous territories guide the resection proposal (Fig. 1 a-b) . A deformable cutting plane is aligned to these boundaries using a principal component analysis to derive surface orientation and extent. However, since main branches of the hepatic vein are often located along anatomical resection surfaces, additional vessels, not directly affected by the tumor, might be cut. To avoid such cascading effects, the resection proposal calculated on the basis of the portal vein territories has to be adjusted appropriately.
In the case of a non-anatomical resection (e.g. wedge resection), the affected liver tissue is identified by an evaluation of different safety margins around tumors. Selecting an appropriate safety margin width, an initial resection volume is calculated (Fig. 2) . In order to provide an access path to the tumor, a deformable cutting plane is placed outside of the liver and deformed using a displacement map based on the initial resection volume to generate a reasonable and transferable convex resection shape (Fig. 1 c-d) .
Results and discussion
The method was embedded in a software assistant for liver surgery planning and was evaluated in a retrospective quantitative study with 55 oncologic resections that were manually planned by medical experts. Due to the enormous variability of such resections, the results were evaluated pair-wise regarding similarity measures (such as the Dice coefficient), surface curvature, and maximal distances between surfaces. As expected, the outcome of the algorithm was not exactly the same as the manually planned resections. However, our process generated reasonable resection proposals for the selected cases. The The generated resection surfaces (blue) coincide well with resection surfaces generated by medical experts (yellow) Fig. 2 (a) Margin-Volume function for the portal vein (blue curve) and the hepatic vein (green curve) showing the relation between the remnant volume (vertical axis), and the width of the safety margin (horizontal axis) around a tumor. The discontinuities in MarginVolume function correspond to vessel branches that are potentially transected. (b) Visualization of liver tissue that is not supplied (red) by the portal vein when a margin of 3 mm is applied automatism does not necessarily aim for an exact reproduction of the manual resection surface as planned by the medical experts, but to provide an automatism which computationally derives structures to be removed. To our knowledge, the presented method is the first approach to automate the generation of resection proposals for liver surgery. Conclusion Currently, it is an ambitious task to automatically create feasible resection proposals and it remains unclear whether this is even possible for all cases. However, in simple anatomical situation, we were able to achieve reasonable results, as demonstrated in this work. In complex anatomical situations, the automated resection proposal was found to be a good starting point for the final adjustment. Keywords Liver surgery Á Organ deformation Á Registration Á Navigation
Purpose
Computational support in intervention planning promises to support the subjective interpretation of data with reproducible measurements. Moreover, it is possible to develop and apply models that provide additional information which is not directly visible in the data. Based on computer-tomography multi-slice images of the liver, the planning software developed by Fraunhofer MEVIS allows to evaluate different resection strategies preoperatively. The virtual resection planning has become an important tool to plan and evaluate patient-individual optimized surgical strategies for major hepatectomies: Risk analyses and virtual resections may be carried out before surgery in order to assess the resection feasibility with respect to patient individual tumors and risk structures.
However, the transfer of the spatial information from the preoperative planning data into the intraoperative situation is severely limited by the natural mobility, flexibility and deformation of the liver during mobilization for resection. In other surgical fields, the integration of navigation techniques benefits notably from the existence of a consistent osseous reference frame, but such a stable reference frame is not present in visceral surgery due to significant organ deformation and its mobility during the intervention. To overcome these limitations, the implementation of advanced navigation techniques in liver surgery requests advanced registration techniques for the alignment of the preoperative planning data to the intraoperative situation.
Currently, most of the navigation systems available rely upon a rigid alignment of data. To evaluate the trust level of such methods a quantitative investigation of the dislocation of the surface of the liver and the intrahepatic structures due to the surgical manipulation is conducted in a clinical trial. A careful investigation of the intraoperative organ deformation provides deeper insight into gains and limits of registration techniques in use for the alignment of navigation information in liver surgery. Moreover, reliability and robustness of the preoperative risk assessment is substantiated. Methods From December 2006 to September 2008, eleven consecutive patients with hepatic malignant liver disease, which underwent hepatectomy, were included in a prospective clinical phase I study. There were 4 female and 7 male patients with a median age of 67 years (range 54-80). Underlying malignancies were metastasis of colorectal cancer (n=9) and hepatocellular cancer (n=2). For each patient the degree of the intraoperative liver deformation was quantified by the comparison of preoperative and intraoperative CT imaging: Preoperative a contrast enhanced CT images are taken for surgical planning. The multidetector CT protocol consisted of 3 image sets (arterial, portalvenous, and hepatic venous phase). The surgical intervention was conducted by an abdominal approach in all patients. After complete mobilization and exposure of the liver contrast enhanced CT imaging was performed under sterile conditions in a special adapted therapy suite. The intraoperative CT imaging protocol consisted of an arterial and portal-venous phase.
For further analysis of the organ deformation, the liver as well as the intrahepatic vasculature are segmented from the clinical data, and corresponding anatomical positions are identified semi-automatically in related preoperative and intraoperative data: A specific adaption of spherical demons algorithm is used to match the organ surfaces, i.e. the liver capsules, based on extremal points of the local curvature. Additional to characteristic points on the surface of the individual livers, bifurcations of the vasculature are used to map the inner structure of the organs. In matching these positions, a smoothed deformation field is computed for each patient to estimate the intraoperative deformation of the organ. By evaluating these displacement fields, a quantitative assessment of the deformation is achieved (see Fig. 1 ).
To evaluate the reliability and robustness of the preoperative risk assessment in the face of the intraoperative deformation of the liver, image based criteria for the surgical planning -like volume of liver segments, remnant volume, impairment of vascular supply or drainage, curvature of resection surface, and so on -are compared for preand intraoperative data. Results Given the careful intraoperative mobilization of the liver, in only about half of the cases a distinct non rigid deformation of the organ was observed. There was no significant difference in terms of age, size and type of the tumor or cirrhotic state of the organs. The intraoperative deformation was mainly caused by the bedding of the mobilized organ, i.e. the deformation due to external and gravitational forces exceeds effects due to stiffness of the individual organ. Looking at the deformation in detail, some general patterns were observed.
Reliability and robustness of the image based preoperative evaluation of surgical risks is substantiated by the observation, that the identification and assessment of anatomical structures, which are Fig. 1 Comparison of preoperative (bright) vs. intraoperative (dark) situation demonstrates the 3D-deformation of liver capsule and portal-venous vascular tree S120 Int J CARS (2010) 5 (Suppl 1):S117-S121 critical in delimiting the surgical resection procedure, stays valid in the deformed intraoperative situation. Conclusion Due to the prominent intraoperative deformation of the organ, no global rigid alignment of the preoperative planning data to the intraoperative situation can be achieved, which satisfactory covers the whole organ. However, looking not on the organ in total but concentrating on a more localized situation (e.g. the area surrounding the planned resection path), the situation seems more promising: With careful controlled mobilization and intraoperative bedding of the organ, the observed isotropic deformation of the parenchyma suggests, that a rigid alignment of the preoperative data can give satisfactory accuracy for the local navigation. Such alignment should be adjusted by following the local vasculature in appropriate manner. The local stiffness of the observed deformation field is reflected in the transferability of the preoperative risk assessment, as for the evaluation of a surgical resection path the detailed anatomical situation is of major importance only in direct vicinity of the planed resection surface. The approximation of effected volumes is reasonable stable.
Computer-assisted stereotactic targeting of the liver: a clinical accuracy study P. Schullian The procedure was performed in a multifunctional image-guided therapy suite consisting of full anaesthesia equipment, the Siemens SOMATOM Sensation Open computed tomography (CT) (Siemes AG, Munich, Germany), the BodyFix patient immobilization system (Medical Intelligence GesmbH, Schwabmünchen, Germany), and the StealthStationÒ Treon TM plus navigation system (Medtronic Inc., Louisville, USA), with the ATLAS stereotactic aiming device (Medical Intelligence GesmbH, Schwabmünchen, Germany).
For respiratory motion control, temporary disconnections of the endotracheal tubus were performed and controlled by the attending anaesthesist in the intervention room during the planning CT, stereotactic needle placement and the control CT.
A contrast enhanced helical CT-scan with 3 mm slice thickness was performed (90-120 ml Iodixanol 320 mg J/mg, 3ml/sec) and immediately sent via the Hospital's picture achieving and communication systems (PACS) to the StealthStationÒ Treon TM plus navigation system. Electrode positions were planned as visualized on the 2D and 3D reconstructions of the patient's image-data.
Image-to-patient registration was based on paired-point registration using 10-15 registration markers (Beekley Corporation, Bristol, CT, USA) that were broadly placed around the region of the liver on the skin of the thorax/upper abdomen. The root mean square error (RMSE) was only accepted at values lower than 1 mm.
Guided by the navigation software, the ATLAS aiming device was fixed when the calculated trajectory alignment was B 0.5 mm and 0°. The depth from the aiming device to the target was automatically calculated by the navigation software and the distance was marked on a 15G/17.2 cm coaxial needle (Bard Inc., Covington, GA, USA). Rigidly guided by the adjustable mechanical tube in the aiming device, one after each other, every needle has been positioned during temporary tubus disconnection without imaging control.
After all needles were placed, a native control CT in tubus disconnection was performed and fused with the planning CT using the navigation system's image normalized mutual information 3D registration algorithm. The following errors were calculated: Lateral error at the tip and skin entry point of the coaxial needle (normal distance between the planned and the coaxial needle axis at the perpendicular axis at the planned tip and skin entrance point, respectively), Longitudinal error at the needle tip (longitudinal distance between the tip of the plan to the tip of the coaxial needle along the planned axis), and Angular error (the angle of deviations between the planned axis and the coaxial needle axis).
Data analysis and descriptive statistics were performed using PASW Statistics 17.0 (SPSS Inc., Chicago, Illinois, USA). Quantitative data were described with mean values, standard deviation and range.
Results
In 20 patients, a total of 145 needles were placed. The mean lateral error for all stereotactic punctures was 2.59 ± 1.55 mm (range 0.2 -9 mm) at the needle entry and 3.59 ± 2.51 mm (range 0.0 -14 mm) at the needle tip. The mean angular error was 1.28°± 1.19°(range 0.0°-7.99°). The mean longitudinal error at the needle tip was -7.4 ± 6.18 mm (range -41 to ?3 mm). Negative longitudinal errors reflected needle positions that were shorter than the corresponding plan, positive longitudinal errors reflected needle positions that were longer. No puncture related complications were noted. Conclusion Stereotaxy targeting of the liver in patients can be considered safe and highly accurate with mean angular errors of less than 1.5°. The fusion of the control-images to the planning data allowed for an immediate check of the needle position in relation to the plan, which can be very helpful in clinical routine. Further studies that evaluate the potential of stereotaxy on patient safety, technical success and technique effectiveness for local ablative tumor therapy are needed.
